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The export of fimbrial subunits was found to be diminished at the restrictive temperature in a strain bearing
a secA(Ts) mutation. Likewise, export was inhibited in a strain harboring a malE-lacZ protein fusion upon
induction of hybrid protein synthesis. Both conditions resulted in the accumulation of a precursor protein ca.
2,000 daltons larger than the mature fimbrial subunit.
Most proteins that pass through the lipid bilayer of the
cytoplasmic membrane of Escherichia coli are synthesized
initially as larger-molecular-weight precursors containing an
amino-terminal signal peptide (13). It is believed that this
peptide of 15 to 30 predominantly hydrophobic amino acid
residues first interacts with cellular components to initiate
transfer of the nascent polypeptide across the membrane and
then is subsequently excised by a membrane-bound signal
peptidase.
We are interested in the assembly of type 1 fimbriae (or
pili). These are proteinaceous, filamentous organelles ex-
tending from the surface of E. coli and most other gram-
negative bacteria. Type 1 fimbriae mediate adherence to a
variety of eucaryotic cells via mannose residues present on
the eucaryotic cell surface (4) and thereby enhance the
ability of the bacteria to colonize epithelial cell surfaces.
These organelles are composed of helically arranged, identi-
cal 17,000-dalton (17K) subunits (2). Once the subunits have
been assembled into the organelles after synthesis, they
become totally resistant to disaggregation and denaturation
by sodium dodecyl sulfate (SDS) (2, 9). We have recently
isolated a monoclonal antibody (MAb) that recognizes an
epitope that is formed or is stable only when subunits have
been assembled (5).
Very little is known concerning the mechanism by which
the fimbrial subunits are incorporated into elongating fimbri-
ae. For example, it is not known whether or not fimbrial
subunits must first be translocated across the cytoplasmic
membrane before assembly. Since these organelles may be
assembled at unique sites in the cell envelope, it is easy to
imagine that this process is independent of the normal
protein export pathway of the cell. We have investigated
fimbrial assembly in two E. coli strains that are pleiotropical-
ly defective in normal protein export. One strain harbors a
mutation in the secA gene that results in a temperature-
sensitive, conditional lethal phenotype (11). The secA gene
is known to encode an essential 92K polypeptide that
associates with the cytoplasmic membrane (12) and is some-
how involved in the export of a variety of envelope proteins.
When grown at the restrictive temperature of 42°C, precur-
sors of some exported proteins accumulate within the cell.
Certain other proteins appear to be localized normally (11),
perhaps because these are exported by a secA-independent
pathway.
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We have also examined fimbrial assembly in a strain
producing a malE-lacZ hybrid protein consisting of, at its
amino-terminal end, an amino-terminal portion of the peri-
plasmic maltose-binding protein (MBP) and, at its carboxyl-
terminal end, enzymatically active 3-galactosidase. The
MBP moiety of the hybrid protein includes an intact signal
peptide that serves to initiate secretion of this protein from
the cytoplasm. However, its P-galactosidase moiety pre-
vents export completion, leaving the hybrid protein embed-
ded in the cytoplasmic membrane (7). This, in turn, appar-
ently blocks specific protein export sites in this membrane,
thereby causing normally exported and processed proteins
to accumulate within the cell in their larger-molecular-weight
precursor forms. All signal peptide-containing proteins so far
examined are seen to accumulate as precursors when syn-
thesis of the malE-lacZ hybrid protein is induced by maltose.
All bacterial strains listed in Table 1 are derivatives of E.
coli K-12. Since MC4100 (6) does not produce type 1
fimbriae, an F' factor carrying the fim (pil) operon was
introduced into strains MC4100, MM18, and MM52 by
conjugation (10). Such F'-containing derivatives express
type 1 fimbriae although in lower amounts than expressed by
strain CSH50 (3). To assure continued maintenance of the
F', the resultant merodiploid strains (designated VL625,
VL634, and VL627) were grown in the presence of 7.5 jig of
tetracycline per ml. Since both the malE-lacZ fusion strain
MM18 and the secA mutant MM52 had previously been
shown to accumulate the precursor of the wild-type MBP
(preMBP) under the appropriate experimental conditions,
we first tested our newly constructed merodiploid strains for
the ability to accumulate this same precursor species. The
effect of malE-lacZ hybrid protein synthesis on MBP proc-
essing was determined by growing strain VL634 at 30°C,
inducing with maltose for 2 h, pulse-radiolabeling cultures
with [3Hlleucine, solubilizing cells, immune precipitating the
labeled MBP, and analyzing the precipitate obtained by
SDS-polyacrylamide gel electrophoresis (PAGE) (Fig. 1).
Under these conditions, strain VL634, but not the parental
strain VL625, accumulated preMBP that migrated on SDS-
PAGE at an apparent molecular size some 3K larger than the
mature MBP. We also found that the secA mutant VL627,
when shifted to the nonpermissive temperature of 42°C,
accumulated preMBP. Again, the parental strain VL625,
when shifted to 42°C, yielded only mature MBP.
We used our fimbrial organelle-specific MAb to determine
the effect of the protein export block in strains VL627 and
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TABLE 1. E. coli K-12 strains
Strain Genotype Origin
MC4100 F- fim araD139 AlacUI69 relA rpsL 5
thi
MM18 MC4100, 4)(malE-lacZ) Hyb72-47 5
MM52 MC4100, secASi 9
CGSC4250 thr-J leuB6 proA2 his4 recA13 argE3
thi-l ara-14 lacYI gaIK2 xyl-5 mfl-i
rpsL31 tsx-33 supE44 F'fim+ thr+
leu+
VL620 CGSC4250 F' TnJOfimn thr+ leu+ This labo-
ratory
VL625 MC4100, F' TnlOfim+ thr+ leu+ This study
VL627 MM52, F' TnlOfim+ thr+ leu+ This study
VL634 MM18, F' TnlOfim+ thr+ leu+ This study
CSH50 ara A(lac-pro) rpsL thi 10
VL386 CSH50, Apl(209) AMu dl F(fimD-lac) This labo-
ratory (6)
VL634 on fimbriae assembly. All experimental conditions
were the same as those described in the experiment shown in
Fig. 1. All muaterial immunoprecipitable by the MAb was
found to remain in the stacking gel or at the stacking gel-
separating gel interface during SDS-PAGE, due to the large
size of the organelles. The addition of maltose had no
noticeable effect on fimbrial assembly in the parental strain
VL625 (Fig. 2), However, maltose induction of strain VL634
markedly iphibited fimbriae assembly. Likewise, we found
that increasing the growth temperature of strain VL625 only
resulted in the more rapid assembly of subunits synthesized
during the radiolabeling period, whereas the shift up in
growth temperature for the secA mutant VL627 resulted in a
significant decrease in subunit assembly.
Studies indicate that the primary effect of hybrid protein
accumulation in the cytoplasmic membrane or inactivation
of the SecA protein is to prevent further export and subse-
quent processing of signal peptide-containing precursor pro-
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FIG. 1. Radioimmunoprecipitation of the MBP, followed by
SDS-PAGE and fluorography. Maltose (0.2%, final concentration)
was added to early-log-phase cultures (growing in minimal media A
[9] containing 0,5% glycerol and 7.5 ,ug of tetracycline per ml at
30°C) 2 h before labeling to allow production of sufficient amounts of
the hybrid protein to block export (4). Cultures of VL625 and VL627
were shifted to 42°C 2 h before labeling. Cultures (1 ml) were labeled
for 1 min with 20 ,Ci of [3H]leucine, followed by a 30-s chase of
excess unlabeled leucine. Further enzymatic reactions were halted
by mixing the cultures with an equal volume of ice-cold 10%
trichloroacetic acid. Immunoprecipitation was carried out as previ-
ously described (6). For SDS-PAGE, 11% acrylamide was used in
the gel system described by Laemmli (8). Fluorography was as
previously described (3). Lane 1, Wild-type strain VL625 at 30°C;
lane 2, VL625 at 420C; lane 3, secA mutant VL627 at 42°C; and lane
4, malE-lacZ fusion strain VL634 at 30°C. (The lanes were cut from
one sla,b gel.)
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FIG. 2. Radioimmunoprecipitation of the fimbrial organelle by
the MAb. Experimental conditions were as described in the legend
to Fig. 1. In each case, immunoprecipitations were carried out on
samples containing 2 x 106 trichloroacetic acid-precipitable cpm.
All cultures except those of lanes 1 and 6 had maltose added 2 h
before labeling. Shown here is the stacking gel and the stacking gel-
separating gel interface (arrow). Lane 1, VL625 at 30°C, no maltose;
lane 2, VL625 at 30°C; lane 3, VL625 at 42°C; lane 4, VL627 at 30°C;
lane 5, VL627 at 42°C; lane 6, VL634 at 30°C, no maltose; and lane
7, VL634 at 30°C. (The lanes were cut from one slab gel.)
teins (7, 11). The defect in fimbrial assembly that we
observed could have resulted from a failure to export
fimbrial subunits. Alternatively, it could have resulted from
a failure to properly export accessory proteins required for
the transport and assembly of the fimbrial subunits. To
distinguish between these two possibilities, we immunopre-
cipitated the MAb nonimmunoprecipitable nMaterial with
rabbit antiserum previously shown to be specific for type 1
fimbriae (3). Only one band migrating at an apparent molecu-
lar size of 17K was seen for the parental strain VL625 under
any conditions (Fig. 3). This 17K polypeptide is difficult to
detect in the precipitate derived from cells shifted to 42°C,
probably due to the increased rate of subunit assembly noted
in this strain at the higher temperature. For the malE-lacZ
fusion strain VL634, the 17K protein band and an additional
19K protein band can be discerned in precipitates derived
from cells induced with maltose but not frpm uninduced
cells. The same two protein bands are detected in the
precipitate obtained from the secA mutant VL627 shifted to
42°C before radiolabeling.
Since the MC4100 F'-containing derivatives synthesize a
relatively small amount of fimbriae, we wished to confirm
our findings regarding the 19K immunoprecipitated protein
with K-12 strains of E. coli that synthesize larger amounts of
fimbriae. For this purpose we examined the effects of
ethanol and carbamyl cyanide-m-chlorophenyl hydrazine on
subunit processing in Fim+ strain CSH50 and its Fim-
- 19K
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FIG. 3. Material not immunoprecipitated by the MAb in Fig. 2
was immunoprecipitated by rabbit serum specific for fimbrial pro-
tein. SDS-PAGE was performed in 13% acrylamide. Lane 1, VL625
at 30°C, no maltose; lane 2, VL625 at 30°C; !ane 3, VL625 at 42°C;
lane 4, VL627 at 42°C; lane 5, VL634 at 30°C, no maltose; and lane





FIG. 4. Fimbriae organelle-depleted antigens from strain CSH50
immunoprecipitated by rabbit anti-fimbrial serum. Experimental
conditions were as described in the legend to Fig. 1. Lane 1, CSH50;
lane 2, CSH50 labeled in media containing 50 ,uM carbamyl cyanide-
m-chlorophenyl hydrazine; and lane 3, CSH50 labeled in mnedia
containing 9.5% ethanol. (The lanes were cut from one slab gel.)
derivative, VL386. Ethanol and carbamyl cyanide-m-chloro-
phenyl hydrazine are known to dissipate the proton-motive
force, required for export and processing of inany secreted
proteins, and thereby cause the accumulation of precursors
of these exported proteins (13). We found that each of these
substances, when added to the Fim+ but not the Fim- strain
(not shown), caused immunoprecipitation of a 19K protein
not seen in the untreated Fim+ strain (Fig. 4).
We believe that the 19K protein band is the precursor for
the fimbrial subunit that is accumulating under conditions
that prevent normal protein export. For it to be the precursor
of a protein other than the fimbrial subunit would be
extremely unlikely. This would require that antibodies raised
to highly purified fimbrial organelles react with the precursor
but not with the mature form of another protein and that the
precursor of this other protein has the same apparent
molecular weight as that expected for a fimbrial subunit
precursor. In addition, since strain VL386, afim derivative
of strain CSH50, does not accumulate the 19K band when
the strain is grown in ethanol, the 19K precursor must be
coded for by a fim gene. We therefore conclude that the
fir1ibrial subunit is initially synthesized as a 19K precursor
with an amino-terminal signal peptide. Similar conclusions
were reached by P. E. Orndorff; when he grew, in ethanol,
minicells containing cloned fim (or pil) genes from a clinical
isolate, a 19K precursor accumulated (P. E. Orndorff, per-
sonal communication). We recognize that ultimate proof of
this conclusion will require DNA sequencing of the cloned
fimbrial subunit gene. We also conclude that the fimbrial
subunit is synthesized and exported from the cytoplasm in a
mechanism similar to that which mediates the export of the
MBP and many other envelope proteins in E. coli.
The assembly of type 1 fimbriae can be envisioned as
involving three stages: (i) synthesis of precursor, (ii) secre-
tion and maturation of the fimbrial subunit, and (iii) incorpo-
ration of the mature fimbrial subunit into the growing
organelle. It would appear that the first two steps in this
process occur very rapidly, possibly cotranslationally, since
the precursor form of the fimbrial subunit is difficult to
detect even transiently in the absence of some conditioh that
adversely affects normal protein export. Assembly of sub-
units into organelles is also quite rapid, occurring within 2 or
3 min after synthesis (manuscript in preparation). We are
currently further investigating the kinetics of subunit assem-
bly and the subcellular localization of the subunits before
assembly.
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